Introduction {#S5}
============

Cystic fibrosis (CF) is the most common genetic cause of chronic lung disease, affecting 30,000 children and adults in the United States and 70,000 world-wide^[@R1]^. CF is characterized by defects in chloride transport through the cystic fibrosis transmembrane conductance regulator (CFTR) protein that lead to bacterial infection, progressive airway obstruction, and ultimately bronchiectasis; extra-pulmonary manifestations also occur in the pancreas and gastrointestinal tract^[@R1]^. Pulmonary exacerbations are critical events characterized by increased dyspnea, rapidly progressive lung function loss, and intense metabolic demands^[@R2]^, and are thought to drive progressive loss of lung function^[@R3]^. Currently, risk factors for pulmonary exacerbations are not well characterized and are avidly sought to identify patients at greatest risk for hospitalization and lung function decline which could be used to guide chronic therapy or monitoring^[@R4],[@R5]^.

Pulmonary vascular disease is becoming increasingly recognized as a major pathologic complication of many chronic lung diseases, including chronic obstructive pulmonary disease (COPD) and CF^[@R6],[@R7]^. Development of pulmonary hypertension in both diseases is an independent predictor of morbidity and mortality^[@R8],[@R9]^. While the gold standard for diagnosis of pulmonary vascular disease is right heart catheterization, non-invasive techniques, specifically computed tomography (CT), are increasingly being used as diagnostic tools. Pulmonary artery enlargement characterized by an elevated pulmonary artery to ascending aorta diameter ratio (PA:A ratio \>1) is a robust predictor of exacerbations in COPD, including those events that require hospitalization, and outperformed traditional clinical markers of COPD exacerbation risk, including a history of prior exacerbations^[@R10]^. Further, the PA:A ratio is superior to echocardiography in identifying pulmonary hypertension as confirmed with right heart catheterization in COPD^[@R11]^. Therefore, we hypothesized that pulmonary vascular disease detected on CT would be predictive of CF pulmonary exacerbations in an adult CF population. To test this, we analyzed data from two cohorts of adult CF patients.

Methods {#S6}
=======

Patient populations {#S7}
-------------------

We built our derivation cohort using extracted data collected from placebo treated patients in a prospective clinical trial and built the validation cohort using historic data from a tertiary care center. The derivation cohort was built using de-identified patient data from the "Study of Ataluren (PTC124^TM^) in Cystic Fibrosis" (ClinicalTrials.gov identifier NCT00803205) enrolled between Sept 8, 2009 and Nov 30, 2010. The full clinical trial protocol is described elsewhere^[@R12]^. All patients in the derivation cohort had a confirmed diagnosis of CF and at least one CFTR nonsense mutation as per inclusion criteria to the parent clinical trial. We included all subjects randomized to the placebo arm with age ≥18 years old at the time of trial enrollment who had baseline CT images available for interpretation as outlined in [Figure 1A](#F1){ref-type="fig"}. We restricted our analysis to adults since the PA:A has not been characterized in the pediatric population and thus it could be less reliable. The occurrence of exacerbations were recorded prospectively and repeat CT scans were performed at 12 months after randomization. We chose to test our hypothesis in this population due to the unique nature of this CF cohort in that it included CT imaging and prospective analysis, and we validated our findings in a "real-world" setting. We built our validation cohort using de-identified patient data collected by the Prince Charles Hospital (TPCH) Adult Cystic Fibrosis Centre, Brisbane) for patients who were evaluated and had CT imaging performed between 2002 and 2014 as outlined in [Figure 1B](#F1){ref-type="fig"}. Details regarding this cohort, CFTR genotyping methods, and spirometry are provided in the [Supplementary Methods](#SD1){ref-type="supplementary-material"}. The median (IQR) time between spirometry and CT was 2 (15) days. The Institutional Review Board at the University of Alabama at Birmingham and the Human Research Ethics and Research Governance Offices at the TPCH approved the conduct this analysis (N130131003 and SSA/15/QPCH/15; HREC/14/QPCH/173). For both cohorts, positive *Pseudomonas* status is recorded if chronic infection was present on airway cultures^[@R13]^.

CT imaging {#S8}
----------

In the derivation cohort, low-dose non-contrast enhanced CT images were acquired during full inspiration as part of the parent clinical trial. In the validation cohort, chest CT scans were performed for the following indications: clinical deterioration (n=67/197, 35%), lung transplant assessment (n=64/197, 32%), hemoptysis (n=44/197, 22%), and investigation of NTM infection (n=22/197, 11%). Clinical deterioration may have included investigation of new infiltrates on chest radiographs, unexplained lung function decline, isolation of a new pathogen, and follow-up of allergic bronchopulmonary aspergillosis. The PA diameter was measured at the level of the main pulmonary artery bifurcation and the average of two perpendicular measurements of the ascending aorta diameter (A) were taken on the same CT image using mediastinal windows, as previously described^[@R10],[@R11]^. The average PA, A, and PA:A ratio between the two readers were used for analysis in the derivation cohort and the measurements taken by a single reader were used in the validation cohort. Investigators were blind to all clinical data, lung parenchymal appearance, and to the time of acquisition of CT scan (baseline or follow-up). A representative image of PA enlargement is shown in [Figure 2](#F2){ref-type="fig"}.

Pulmonary exacerbations {#S9}
-----------------------

In the derivation cohort, pulmonary exacerbations were determined by comprehensive respiratory event data forms, hospitalization records, and investigator-defined pulmonary exacerbation. Events meeting the modified Fuchs' criteria (at least 4 of 12 Fuchs' signs and symptoms with or without intravenous antibiotic treatment)^[@R14]^ were counted as exacerbations for the 48-week follow-up period per the parent trial design. In the validation cohort, acute pulmonary exacerbations were defined by an event requiring intravenous antibiotics or hospitalization for respiratory indications as reported previously^[@R15],[@R16]^. Exacerbations were recorded 12-months prior to index CT through 24-months post index CT scan, with prior exacerbations defined by events that occurred within 12-months prior to the index CT and prospective exacerbations as events occurring 1- and 2-years after the index CT.

Statistical analysis {#S10}
--------------------

Baseline data are expressed as means with standard deviations for normally distributed values or median with interquartile range for non-Gaussian distributed values. Bivariate analyses were conducted with the use of a two-tailed Fisher's exact test for categorical data and two tailed t-tests or a Wilcoxon rank-sum test for continuous data when appropriate. Linear regression models were used to identify correlations between patient characteristics and the PA:A ratio as a continuous variable, adjusting for age, sweat chloride, and FEV~1~% predicted or age, sweat chloride, and BMI based on associations (P\<0.10) on univariable analysis. We used logistic regression models to determine associations between clinical, laboratory, and radiologic characteristics and the occurrence of a pulmonary exacerbation during study follow-up. Variables associated with pulmonary exacerbations on univariate logistic analysis (at P\<0.10) plus sex and BMI were included in stepwise backward multivariable logistic models to adjust for confounders. We used Cox regression analysis to determine time to first exacerbation in the validation cohort. Performance characteristics of the PA:A ratio were measured by receiver operating characteristic (ROC) analysis. Cohen's kappa was calculated to identify the intra-observer and inter-observer agreement for the presence of a PA:A\>1 and Bland-Altman analysis was used to evaluate the inter-observer agreement for PA and PA:A ratio measurements or change in PA:A ratio over time in the derivation cohort. We used complete-case analysis and did not impute values for missing data. All analyses were performed with the use of SPSS software, version 23.0, and P values \<0.05 were considered statistically significant.

Role of the funding source: The funding sponsors did not have a role in study design, analysis, or interpretation of the data nor in the writing of the report. PTC Therapeutics provided blinded, de-identified data used in building the derivation cohort. The corresponding authors (JMW and SMR) had full access to all of the data and the final responsibility to submit for publication.

Results {#S11}
=======

Reproducibility of PA:A measurements {#S12}
------------------------------------

Two independent, blinded investigators measured the PA and A diameters to assess the reproducibility of the PA:A measurements in CF in the derivation cohort. There was good correlation of agreement between readers in regards to PA:A ratio \>1 (Kappa 0.80, 95% CI 0.70--0.90, p\<0.05). Using Bland-Altman analysis, the mean differences between PA diameters between the two readers were 0.03 cm and 0.008 for the PA:A ratio ([Figure S1](#SD1){ref-type="supplementary-material"}).

Study subjects and the PA:A ratio {#S13}
---------------------------------

For the derivation cohort, 74 adult CF patients had baseline CT imaging available and were included in the analysis. The patients were 28±8 (mean±SD) years old, 97% white, 57% male, and had a mean predicted forced expiratory volume in 1- second (FEV~1~) of 57±14%. The mean PA diameter was 2.55±0.30cm, the mean A diameter was 2.57±0.39cm, and the mean PA:A was 1.01±0.12. Baseline patient characteristics of all adult subjects with CT data in the derivation cohort (n=140, omitting trial randomization status) are shown in [Table S2](#SD1){ref-type="supplementary-material"}. The distributions of PA:A in both study cohorts are shown in [Figure S2](#SD1){ref-type="supplementary-material"}. Patients were separated into subgroups based on the presence or absence of PA enlargement defined by a PA:A\>1, with 37/74 (50%) having a PA:A\>1 in the derivation cohort and 89/190 (47%) in the validation cohort as outlined in [Table 1](#T1){ref-type="table"}. With the exception of higher *Pseudomonas* infection rates (87% versus 42%) and lower FEV~1~ (50±21% versus 57±14%), characteristics of patients in the validation cohort were similar to those in the derivation group. Of note, the median FEV~1~ for the patients with CT scans in the validation cohort was 10% lower than the median FEV~1~ for the entire TPCH CF registry, a reflection of acquiring CT images for the clinical implications listed in the **Methods**. Thus, the patients with CT scans in the validation cohort may be at higher risk for exacerbation than the general CF population. There were no within cohort differences in regards to sex, race, height, weight, body mass index (BMI), FEV~1~, ameliorating CFTR mutation status, and *Pseudomonas* infection status for subjects with PA:A\>1 compared to PA:A≤1 in both cohorts. Patients in the validation cohort with a PA:A\>1 were younger, had higher rates of *Pseudomonas* infection, and higher rates of previous acute pulmonary exacerbations. Patients in the derivation cohort with a PA:A\>1 had higher sweat chloride (100.5±10.9 versus 90.4±19.9mmol/L, difference between groups 10.1mmol/L \[95%CI 2.5--17.7\], P=0.017). This failed to meet statistical significance in the validation cohort (105.9±24.7 versus 88.2±23.1, difference between groups 17.7mmol/L \[95%CI -0.6--36.7\], P=0.057), though the number of subjects with sweat chloride data available was limited (n=27). As an exploratory analysis, we found a modest correlation between sweat chloride and the PA:A ratio (Pearson's r=0.25, P=0.001) in a pooled analysis of all subjects with sweat chloride data available (n=156), suggesting a relationship with CFTR function. Among subjects in the derivation cohort, age and higher sweat chloride were linearly correlated to PA:A, with age (β=−0.34,p=0.007) remaining significant in an adjusted model as outlined in [Table 2A](#T2){ref-type="table"}. In the validation cohort, age, BMI, and sweat chloride were linearly correlated to PA:A, but only sweat chloride remained significant in adjusted models ([Table 2B](#T2){ref-type="table"}). Patients with a PA:A\>1 were younger and had higher rates of *Pseudomonas* infection than those with a PA:A ratio ≤1 in the validation cohort ([Table 1](#T1){ref-type="table"}). We explored the relationship between CFTR genotype and PA enlargement by dichotomizing CFTR mutations as functional or nonfunctional ([Supplementary Appendix](#SD1){ref-type="supplementary-material"}) and the prevalence of functional mutations is shown in [Table 1](#T1){ref-type="table"}. There were no statistical differences in CFTR functional status in our study based on the low prevalence of functional mutations in these cohorts.

Relationship to acute pulmonary exacerbations {#S14}
---------------------------------------------

To determine if PA enlargement was associated with acute pulmonary exacerbations, we analyzed the longitudinal follow-up data to identify factors associated with CF acute pulmonary exacerbations. [Figure 3](#F3){ref-type="fig"} shows the relationship between the PA:A ratio and exacerbations in both cohorts at 1 and 2-years of follow-up. In the derivation cohort, 50/74 (68%) participants had ≥1 exacerbation (median 1, IQR 3) at 1-year, including 30/37 (81%) in the PA:A\>1 and 20/37 (54%) in the PA:A≤1 group (P=0.013) . Sweat chloride, FEV~1~% predicted, and PA:A\>1 (OR 3.54, 95% CI 1.28--10.4, p=0.015) were associated with the occurrence of a pulmonary exacerbation upon univariate analysis ([Table 3A](#T3){ref-type="table"}). The AUC was 0.70 (95%CI 0.57--0.83, [Figure S4](#SD1){ref-type="supplementary-material"}), indicating the PA:A had fair accuracy for predicting a pulmonary exacerbation. We incorporated sex, BMI, sweat chloride, FEV~1~% predicted, and PA:A\>1 into a multivariate logistic regression model to determine if the PA:A\>1 was independently associated with acute pulmonary exacerbations. Indeed, we found that the PA:A\>1 (OR 3.49, 95%CI 1.18--10.3, p=0.02) and FEV~1~% predicted (OR 0.96, 95%CI 0.92--0.99, P=0.03) were independently associated with an acute pulmonary exacerbation at 1-year follow-up ([Table 3A](#T3){ref-type="table"}). The AUC of the multivariable model increased from 0.70 (0.57--0.83, P=0.005) to 0.76 (0.64--0.87, P\<0.001; [Figure S4](#SD1){ref-type="supplementary-material"}) with addition of PA:A. There were no associations between age, race, sex, BMI, *Pseudomonas* colonization, forced vital capacity (FVC), or FEV~1~/FVC with pulmonary exacerbations in the derivation cohort.

We validated these findings in our second cohort with 1- and 2-year follow-up. At one-year, 113/190 (59%) patients had ≥1 exacerbation (median 1, IQR 3), including 61/89 (69%) in the PA:A\>1 and 52/101 (50%) in the PA:A≤1 group (P=0.017). On univariate logistic regression analysis, the PA:A\>1 and a previous exacerbation within 1 year prior to index CT were associated with an acute pulmonary exacerbation at 1 year of follow-up ([Table 3B](#T3){ref-type="table"}). We included sex, BMI, *Pseudomonas* Infection, FEV~1~/FVC, PA:A\>1, and previous exacerbation in a multivariable logistic regression model and found that only an exacerbation in the year prior to the index CT scan was independently associated with a subsequent exacerbation (OR 21.0, 95%CI 9.07--48.9, P\<0.001). After 2-years of follow-up, 133/190 (70%) patients had ≥1 exacerbation (median 2, IQR 4), with 73/89 (82%) in the PA:A\>1 and 60/101 (59%) in the PA:A≤1 group (P=0.001). We found significant associations between *Pseudomonas* infection, PA:A\>1, FEV~1~/FVC, and prior exacerbation with development of an acute pulmonary exacerbation within 2-years of follow-up on univariate analysis. When these factors are incorporated into a multivariate model, only PA:A\>1 (OR 2.41, 95% CI 1.06--5.52, P=0.03) and prior exacerbation (OR 8.21, 95% CI 3.66--18.4, P\<0.001) remain significant as shown in [Table 3C](#T3){ref-type="table"}. In this cohort, adding the PA:A\>1 changed the AUC for detecting an exacerbation at 1-year from 0.55 (95%CI 0.46--0.65, P=0.23) to 0.60 (95%CI 0.51--0.69, P=0.03) and at 2-year from 0.56 (95%CI 0.46--0.66, P=0.23) to 0.64 (95% CI 0.54--0.73, P=0.006). In a sensitivity analysis, increased PA:A was also associated with the occurrence of CF exacerbations in 12 months prior to the CT scan (OR 2.06, 95%CI 1.12--3.77, P=0.02). In a second sensitivity analysis, patients who did not have index CT scans performed in the setting of an acute respiratory event (n=93/190) yielded similar results as seen in [Supplementary Table S3](#SD1){ref-type="supplementary-material"}. Patients with a PA:A\>1 had a shorter median (IQR) time-to-first exacerbation compared to patients with a PA:A≤1 \[214 (390) versus 339 (720), P=0.028\], with an unadjusted HR 1.66 (95%CI 1.18--2.34, P=0.004), but this failed to remain significant when adjusted for positive Pseudomonas status, prior exacerbation, and FEV~1~/FVC \[adjusted HR 1.14 (95%CI 0.80--1.62, P=0.82)\], as shown in [Figure 4](#F4){ref-type="fig"}.

Stability of PA:A {#S15}
-----------------

In the derivation cohort, all 74 patients included in the longitudinal analysis had a second CT scan performed at 1-year of follow-up. The PA diameter, A diameter, and the PA:A ratio did not significantly change from baseline ([Table 4](#T4){ref-type="table"} and [Figure S3](#SD1){ref-type="supplementary-material"}). The baseline PA diameter was correlated to the follow-up PA diameter (r=0.68, p\<0.001), and similar relationships were observed with the A diameter (r=0.81, p\<0.001) and the PA:A ratio (r=0.53, p\<0.001). The stability of the PA:A ratio was not affected by interval acute pulmonary exacerbations (data not shown).

Discussion {#S16}
==========

We found that a PA:A\>1is independently associated with the occurrence of acute pulmonary exacerbations of CF in two well-characterized populations with longitudinal follow-up. To our knowledge, this is the first study to investigate the PA:A ratio and PA enlargement as a risk factor for acute pulmonary exacerbations in CF. Moreover, PA:A\>1 was associated with elevated sweat chloride, younger age, and lower FEV~1~ (or FEV~1~/FVC in the validation cohort) in cross-sectional analysis, and was independent of other demographic variables. These data indicate PA:A ratio is a useful means to stratify risk among CF adults for subsequent pulmonary exacerbations, an important contributor of respiratory decline^[@R3]^, and add to the predictive power of clinical variables alone, which are insufficient to identify those at greatest risk for deterioration. The PA:A ratio is easily measured on non-contrast enhanced CT scans, is reproducible between trained operators, and does not require IV contrast or special techniques^[@R10],[@R11]^. Since many adult CF patients undergo CT scan for clinical indications, including testing for unexplained respiratory deterioration, evaluation of pulmonary complications such as hemoptysis or non-tuberculous mycobacterial infection, or in lung transplant evaluation, identifying PA enlargement on CT could be an important new tool to monitor adults with CF. Indeed, the relationship between PA:A\>1 and pulmonary exacerbations is generalizable to an adult CF population given the confirmation of our results in the QPCH population.

Given the importance pulmonary exacerbations have on morbidity and mortality among patients with CF, there is a need to identify predictive markers for these events. Blood-based biomarkers^[@R17]^, CT metrics^[@R18]^, PET/CT^[@R19]^, and MRI techniques^[@R20]^ show promise for identifying physiologic changes that occur during exacerbations and track with response to therapy. The overall Brody score with its bronchiectasis and mucus-plugging component scores on high resolution CT are correlated with the rate of developing acute pulmonary exacerbations over a two-year period^[@R21]^. However, there is considerable variation among the scores in subjects who did not have pulmonary exacerbations, limiting the application of these measurements into clinical practice.

The PA:A ratio and PA enlargement correlate to invasive hemodynamic measurements and thus have been used primarily as non-invasive metrics for pulmonary hypertension. We believe the PA:A \>1 likely represents underlying pulmonary hypertension as we and others have shown for COPD and other lung diseases^[@R22]^. However, the direct link between the PA:A and other means of detecting pulmonary hypertension has not yet been established in CF, either using echocardiography or right-sided heart catheterization. It is possible that in CF, PA enlargement may reflect other factors including vascular redistribution and centralization of blood flow due to parenchymal lung destruction, lung hyperinflation, or altered mechanical properties of the vascular matrix or smooth muscle -- the latter being of great interest given the current findings linking CFTR function with PA enlargement. Nevertheless, our study highlights the importance of identifying PA enlargement in patients at increased risk for respiratory complications.

Pulmonary vascular disease and pulmonary hypertension are not well characterized in CF. Estimates of pulmonary hypertension in CF range between 26 and 63% of the population, however formal investigation of pulmonary hypertension in CF usually is limited to those with advanced lung disease in the course of lung transplant evaluation^[@R9]^. Our findings suggest that PA enlargement is highly prevalent -- occurring in approximately 50% of adult CF patients with moderate airflow obstruction, and it is more common than the observed prevalence in COPD^[@R10]^. Given the implications of pulmonary hypertension for morbidity and mortality^[@R9]^, this finding highlights the need to be cognizant of pulmonary vascular disease at all degrees of airflow obstruction. Measuring the PA:A may be a viable non-invasive screening tool to aid in assessing CF patients for pulmonary hypertension, in addition to its utility as a prognostic indicator for acute respiratory events.

The effects of absent CFTR function have recently been recognized as protean, with CFTR activity recognized in non-epithelial tissues including leukocytes, osteobast, and bronchial smooth muscle^[@R23]--[@R25]^. The latter was associated with small airway sites in swine and human, suggesting clinically relevant smooth muscle constriction due to the absence of CFTR^[@R26]^. Interestingly, we found that increased sweat chloride, a marker of CFTR function, was also related to PA enlargement. Mechanistically, this relationship is intriguing for several reasons. First, CFTR channels exist on human lung microvascular cells^[@R27]^ and directly cause pulmonary vascular relaxation through CFTR channel activation^[@R28],[@R29]^. Additionally, CFTR mediates vascular tone independent from its role as a chloride channel through other mechanisms including stimulating nitric oxide generation via ATP release^[@R30]^, altering lipid trafficking and vascular smooth muscle cell calcium handling^[@R31],[@R32]^, and through increasing expression of vascular growth factors, including VEGF-A^[@R33]^. In addition, CFTR SNPs have previously been associated with altered flow mediated dilation and flow velocity in humans^[@R34]^. The implications of CFTR dysfunction being pathogenic for pulmonary vascular remodeling and pulmonary hypertension in CF may have prognostic and therapeutic implications. It is possible that novel therapies that restore CFTR function may not only improve lung function in CF, indirectly reducing pulmonary artery pressures, but also may have direct effects on the pulmonary vasculature.

It was notable that PA:A ratio remained stable over a 1-year period, independent of pulmonary exacerbations. This may be the result of inadequate time of follow-up, an uncoupling of change in PA size with further changes in PA hemodynamics^[@R35]^, or may be due to elastic properties intrinsic to the pulmonary vessels. While PA:A performs as a strong predictor of subsequent pulmonary exacerbations, these data suggest it may not be dynamic for monitoring disease progression.

Our study has several limitations. Given the observational nature of the study, we cannot conclude that either the PA:A ratio or pulmonary hypertension cause pulmonary exacerbations. We did not find associations between female sex, lower BMI and pulmonary exacerbations as has been previously reported, probably due to the small sample size^[@R3]^. However, acute pulmonary events in our study were related to lower lung function and Pseudomonas infection, as expected. Additionally, the method of reporting pulmonary exacerbations differed between our cohorts, though recapitulating the association between PA enlargement and the use of a registry-based definition of pulmonary exacerbations in a large CF population could be viewed as a strength. Further, we did not confirm a diagnosis of pulmonary hypertension based on echocardiographic or right-sided heart catheterization in these groups, although the PA:A is correlated to hemodynamic measurements in obstructive lung disease^[@R22]^. We posit there are similar findings in CF and are currently exploring these relationships as part of a separate study. Another limitation to our findings is the use of different CT protocols between our derivation and validation cohorts and the heterogeneous indications for CT in the validation cohort. However, the vascular dimensions and the PA:A were similar between the two study populations, suggesting the findings are valid and could be measured *a priori* in the clinical setting. Our study was also limited by the few numbers of sweat chloride tests available in the validation cohort. This cohort was adults and the vast majority of subjects were transitioned from pediatric care in the era before CFTR modulation therapies and routine eradication of Pseudomonas; often sweat electrolyte results were poorly documented and Pseudomonas infection rates were higher, whereas the derivation cohort all had sweat electrolytes performed during the RCT and lower Pseudomonas growth. We did observe a higher sweat chloride in patients with a PA:A\>1, suggesting there could be a true relationship due to the role of CFTR in vascular smooth muscle, but this will need further mechanistic investigation for confirmation. The low prevalence of chronic *Pseudomonas* status in the derivation cohort may be due in-part to the entry criteria, multi-center design, and method for reporting chronic *Pseudomonas* infection in the parent clinical trial (including the use of a central lab, collection of sputum culture at enrollment, and reliance on patient history)^[@R12]^, may be a reflection of *Pseudomonas* eradication therapies in modern CF therapy, or may be the result of other factors including climate and geographical features that may also influence rates of chronic *Pseudomonas* infection, which could influence colonization in Australia^[@R36]^. Hence, differences between the two cohorts may not be unexpected. Finally, patients in both cohorts were not evaluated for cardiac disease, obstructive sleep apnea, or thromboembolic disease which could be a contributor to underlying pulmonary hypertension or PA enlargement; previous studies have shown low incidence of primary cardiovascular disease in adult CF patients, reducing the likelihood this is an important contributor^[@R7],[@R37]^.

In conclusion, the PA:A ratio confers prognostic information about respiratory exacerbations in cystic fibrosis. Interestingly, changes observed on CT were also correlated to CFTR function as determined by sweat chloride analysis, suggesting a potential pathologic link. The PA:A ratio may be a useful predictive biomarker of pulmonary exacerbations in CF.
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![Disposition of subject data used in the study\
(A) The derivation cohort was developed using de-identified data from subjects enrolled in the placebo arm of a clinical trial. A total of 74 subjects were included. (B) The validation cohort consisted of de-identified data from patients enrolled at the Adult Cystic Fibrosis Centre, Prince Charles Hospital Brisbane, Queensland, Australia. A total of 190 subjects were included.](nihms912772f1){#F1}

![Representative measurements of the pulmonary artery and aortic diameters by CT scan\
Non-contrast enhanced chest CT images depict the site of PA (blue) and A (red) diameters, measured at the level of the PA bifurcation. Aortic diameters were averaged values of two perpendicular measurements.](nihms912772f2){#F2}

![Relationship between PA enlargement and acute pulmonary exacerbations in adults with cystic fibrosis\
We found an association between PA:A\>1 and acute pulmonary exacerbations at (A) 12-months of follow-up in our derivation cohort. We recapitulated these findings in a validation cohort when followed for (B) 12-months and (C) 24-months. \*P\<0.05.](nihms912772f3){#F3}

![Time to first acute pulmonary exacerbation in the validation cohort\
Time to first exacerbation was shorter in PA:A\>1 versus PA:A\<1 \[HR 1.66 (95%CI 1.18--2.34), P=0.004\] in unadjusted analysis, but (B) not when adjusted for sex, BMI, prior exacerbation, positive Pseudomonas status, and FEV1/FVC \[HR 1.14 (95%CI 0.80--1.62), P=0.82\].](nihms912772f4){#F4}

###### 

Baseline characteristics of the two cohorts.

                                                                Derivation Cohort                                     Validation Cohort                                                                                                        
  ------------------------------------------------------------- ------------------- ------------ ------------ ------- ------------------- --------- ----------- ----------- ------------------------------------------- ------- -------------- ---------
  **Age, years^†^**                                             28±8                29±10        26±6         −3      −6.9--0.9           0.06      29±9        30±11       26±8                                        −4      −7 -- −2       \<0.001
                                                                                                                                                                                                                                               
  **White race**                                                72/74               37/37        35/37        −5%     −18 -- 5            0.16      190/190     101/101     89/89                                       n/a     n/a            n/a
                                                                (97%)               (100%)       (95%)                                              (100%)      (100%)      (100%)                                                             
                                                                                                                                                                                                                                               
  **Male sex**                                                  42/74               22/37        20/37        −5%     −27 -- 16           0.64      97/190      54/101      43/89                                       −5%     −20 -- 9       0.56
                                                                (57%)               (59%)        (54%)                                              (51%)       (53%)       (48%)                                                              
                                                                                                                                                                                                                                               
  **BMI, kg/m^2^**                                              22.0±2.             22.6±2.      21.5±2.3     −1.1    −2.3-- 0.1          0.06      21.2±3.6    21.4±3.9    20.9±3.3                                    −0.5    −1.7-- 0.5     0.27
                                                                                                                                                                                                                                               
  ***Pseudomonas* positive**                                    31/74               17/37        14/37        −8%     −29 -- 14           0.49      166/190     82/101      84/89                                       13%     4 -- 22        0.008
                                                                (42%)               (46%)        (38%)                                              (87%)       (81%)       (94%)                                                              
                                                                                                                                                                                                                                               
  **Functional CFTR genotype**[a](#TFN2){ref-type="table-fn"}   3/74                2/37         1/37         −2%     −15 − 9             0.56      11/164      7/84 (8%)   4/80 (5%)                                   −3%     −12 -- 4       0.37
                                                                (4%)                (5%)         (3%)                                               (7%)                                                                                       
                                                                                                                                                                                                                                               
  **Sweat chloride, mmol/L**                                    95.5±16.7           90.4±19.9    100.5±10.9   10.1    2.5--17.7           0.017     97.9±25.2   88.2±23.1   105.9±24.7[b](#TFN3){ref-type="table-fn"}   17.7    −0.6 -- 36     0.057
                                                                                                                                                                                                                                               
  **FEV~1~% predicted**                                         57±14               58±15        56±12        −2      −8 --4              0.38      50±21       50±22       50±20                                       0       −6 -- 6        0.86
                                                                                                                                                                                                                                               
  **FEV~1~/FVC**                                                0.64±0. 10          0.64±0. 11   0.65±0.10    0.01    −0.01-- 0.03        0.67      0.62±0.24   0.63±0.31   0.61±0.13                                   −0.02   −0.09--0.05    0.95
                                                                                                                                                                                                                                               
  **PA, cm**                                                    2.55±0. 30          2.51±0. 34   2.59±0.25    0.08    0.01--0.15          0.032     2.57±0.32   2.48±0.28   2.67±0.33                                   0.19    0.10--0.28     \<0.001
                                                                                                                                                                                                                                               
  **A, cm**                                                     2.57±0. 39          2.77±0. 38   2.36±0.28    −0.41   −0.57--−0.26        \<0.001   2.59±0.34   2.72±0.32   2.45±0.30                                   −0.27   −0.36--−0.19   \<0.001
                                                                                                                                                                                                                                               
  **PA:A ratio**                                                1.01±0. 12          0.91±0. 07   1.10±0.08    0.19    0.16--0.23          \<0.001   0.99±0.11   0.91±0.06   1.09±0.08                                   0.18    0.16--0.20     \<0.001
                                                                                                                                                                                                                                               
  **Prior exacerbation**                                        \--                 \--          \--                                                120/190     56/101      64/89                                       17%     3 -- 30        0.02
                                                                                                                                                    (63%)       (55%)       (72%)                                                              
                                                                                                                                                                                                                                               
  **Inhaled antibiotic use**                                    53/74               26/37        27/37        3%      −17 -- 23           0.80      \--         \--         \--                                                                
                                                                (72%)               (70%)        (73%)                                                                                                                                         
                                                                                                                                                                                                                                               
  **Inhaled DNAse use**                                         55/74               27/37        28/37        3%      −17 -- 22           0.79      \--         \--         \--                                                                
                                                                (74%)               (73%)        (76%)                                                                                                                                         

Data are mean±SD or n(%). Abbreviations: FEV~1~ = forced expiratory volume in 1 second, FVC = forced vital capacity, PA = pulmonary artery diameter, A = ascending aortic diameter, prior exacerbation = at least one acute pulmonary exacerbation within the year prior to index CT scan, 95%CI = 95% confidence interval.

Functional CFTR genotype defined by the presence of one mutation with residual function.

Sweat chloride values are only available for a subset of subjects \[n=29 total; n=13 PA:A≤1; n=16 PA:A\>1\] in the validation cohort. Data on exacerbation prior to index CT scan is unavailable for the derivation cohort.

###### 

Unadjusted and adjusted linear regression models for the association between clinical factors and the PA:A Ratio

  A. Derivation cohort                                 
  ---------------------------- ------- ------- ------- -------
  **Age, years**               −0.32   0.005   −0.34   0.007
  **BMI, kg/m^2^**             −0.08   0.46            
  **Sweat chloride, mmol/L**   0.25    0.05    0.21    0.08
  **FEV~1~% predicted**        0.04    0.76            
  **FEV~1~/FVC**               0.14    0.22            

  B. Validation cohort                                                
  ---------------------------- ------- --------- ------ ------ ------ ------
  **Age, years**               −0.28   \<0.001                        
  **BMI, kg/m^2^**             −0.15   0.05                           
  **Sweat chloride, mmol/L**   0.37    0.05      0.32   0.11   0.36   0.06
  **FEV~1~% predicted**        −0.04   0.63                           
  **FEV~1~/FVC**               0.07    0.33                           

Model adjusted for age, sweat chloride, FEV~1~% predicted. The R^2^ for the adjusted model is 0.17 (P=0.004). Abbreviations: BMI = body mass index, FEV~1~ = forced expiratory volume in 1 second, FVC = forced vital capacity.

Model adjusted for age, sweat chloride, FEV~1~% predicted with R^2^ = 0.17 (P=0.10).

Model adjusted for age, sweat chloride, BMI with R^2^ = 0.13 (P=0.07).

Abbreviations: BMI = body mass index, FEV~1~ = forced expiratory volume in 1 second, FVC = forced vital capacity.

###### 

Factors associated with an acute pulmonary exacerbation during follow-up

  A. Derivation cohort                                                                  
  ----------------------------------- --------------------- ------- ------------------- -------
  **Age, year**                       0.97 (0.92--1.03)     0.32                        
  **White race**                      2.13 (0.13--35.5)     0.60                        
  **Male sex**                        0.54 (0.20--1.49)     0.54    0.40 (0.12--1.28)   0.12
  **BMI, kg/m^2^**                    0.97 (0.79----1.16)   0.65    1.09 (0.87--1.37)   0.45
  **Positive *Pseudomonas* status**   1.01 (0.38--2.72)     0.98    1.28 (0.42--3.88)   0.66
  **Sweat chloride, mmol/L**          1.04 (1.003--1.08)    0.033                       
  **PA:A\>1**                         3.64 (1.28--10.4)     0.015   3.49 (1.18--10.3)   0.023
  **FEV~1~% predicted**               0.96 (0.92--0.99)     0.021   0.96 (0.92--0.99)   0.032
  **FVC% predicted**                  0.98 (0.94--1.02)     0.27                        
  **FEV1/FVC**                        0.01 (0.00--1.92)     0.09                        
  **Inhaled antibiotic use**          1.42 (0.49--4.10)     0.51                        
  **DNAse use**                       2.40 (0.82--7.06)     0.11                        

  B. Validation cohort (1-year follow-up)                                                     
  ----------------------------------------- ------------------- --------- ------------------- ---------
  **Age, year**                             1.01 (0.98--1.04)   0.45                          
  **Male sex**                              0.94 (0.53--1.68)   0.94      0.76 (0.32--1.83)   0.54
  **BMI, kg/m^2^**                          0.99 (0.91--1.08)   0.99      1.02 (0.90--1.15)   0.74
  **Positive *Pseudomonas* status**         2.29 (0.96--5.46)   0.06      1.96 (0.58--6.66)   0.28
  **Sweat chloride, mmol/L**                1.01 (0.98--1.05)   0.39                          
  **PA:A\>1**                               2.05 (1.13--3.72)   0.02      1.43 (0.63--3.29)   0.40
  **FEV~1~% predicted**                     0.99 (0.98--1.01)   0.22                          
  **FEV1/FVC**                              0.15 (0.02--0.91)   0.04      0.35 (0.02--6.65)   0.48
  **Exacerbation in the previous year**     30.4 (13.4--68.7)   \<0.001   21.0 (9.07--48.9)   \<0.001

  C. Validation cohort (2-year follow-up)                                                     
  ----------------------------------------- ------------------- --------- ------------------- ---------
  **Age, year**                             1.01 (0.98--1.05)   0.40                          
  **Male sex**                              1.37 (0.73--2.55)   0.33      1.15 (0.49--2.73)   0.75
  **BMI, kg/m^2^**                          0.97 (0.86--1.07)   0.57      1.00 (0.89--1.13)   0.96
  **Positive *Pseudomonas* status**         2.69 (1.13--6.42)   0.03      2.42 (0.77--7.60)   0.13
  **Sweat chloride, mmol/L**                1.02 (0.98--1.05)   0.33                          
  **PA:A\>1**                               3.12 (1.59--6.1)    0.001     2.41 (1.06--5.52)   0.037
  **FEV~1~% predicted**                     0.99 (0.98--1.01)   0.30                          
  **FEV1/FVC**                              0.07 (0.01--0.57)   0.02      0.15 (0.07--3.24)   0.23
  **Exacerbation in the previous year**     13.9 (6.56--29.6)   \<0.001   8.21 (3.66--18.4)   \<0.001

Multivariate logistic regression model includes: sex, BMI, FEV~1~% predicted, PA:A\>1 (R^2^=0.20, P=0.003).

Multivariate logistic regression model includes: sex, BMI, positive *Pseudomonas* status, FEV~1~/FVC, PA:A\>1, exacerbation in the year prior to index CT scan (R^2^=0.32, P\<0.001).

Multivariate logistic regression model includes: sex, BMI, positive *Pseudomonas* status, FEV~1~/FVC, PA:A\>1, exacerbation in the year prior to index CT scan (R^2^=0.19, P\<0.001).

Abbreviations: FEV~1~ = forced expiratory volume in 1 second, FVC = forced vital capacity, PA = pulmonary artery diameter, A = ascending aortic diameter. Positive *Pseudomonas* status indicates a history of either an acute infection or chronic colonization with *Pseudomonas*.

###### 

12-month stability of pulmonary vessel measurements on CT.

                   Baseline (n=74)   Follow-up (n=74)   Mean Change (SD)   p-value
  ---------------- ----------------- ------------------ ------------------ ---------
  **PA, cm**       2.55±0.30         2.53±0.31          −0.02±0.24         0.40
  **A, cm**        2.57±0.39         2.56±0.37          −0.02±0.24         0.53
  **PA:A ratio**   1.01±0.12         1.00±0.11          −0.01±0.11         0.73

Data analyzed using paired sample t-test. Abbreviations: PA = pulmonary artery diameter, A = ascending aortic diameter, PA:A = pulmonary artery to ascending aortic diameter ratio

###### Research in context

Evidence before this study {#S25}
==========================

The development of pulmonary vascular disease is a critical event in the progression of cystic fibrosis and is associated with increased morbidity and mortality. We searched PubMed for articles published before January 1, 2016 using the terms "pulmonary vascular disease" OR "pulmonary hypertension" AND "cystic fibrosis" AND "exacerbation." We did a second search with the terms "computed tomography" AND "cystic fibrosis" AND "pulmonary exacerbation." We found 2 studies done in humans that examined the relationship between CF, imaging results, and acute pulmonary exacerbations. One study showed high resolution CT can identify changes in parenchymal appearance, peribronchial thickening, and mucus plugging during the course of an exacerbation in a small pediatric cohort. The other study linked CT imaging to regional airway inflammation during an exacerbation in a small pediatric cohort. We identified no published studies that examined pulmonary vascular disease on CT in the context of pulmonary exacerbations.

Added value of this study {#S26}
=========================

We present data from relatively large derivation and validation cohorts of adult CF patients. We identified PA:A based on measurement on CT by expert operators blinded to clinical data. Pulmonary arterial enlargement is highly prevalent in adults with cystic fibrosis and is associated with developing acute pulmonary exacerbations, even when adjusted for other factors known to present increased exacerbation risk. We found a link between CFTR function measured by sweat chloride and PA enlargement in the derivation cohort. Measuring PA:A to estimate PA enlargement may be a useful predictive marker in CF.

Implications of all the available evidence {#S27}
==========================================

Our study demonstrates the link between pulmonary vascular abnormalities measured noninvasively and risk for acute pulmonary exacerbations of CF. PA enlargement may have important diagnostic implications in CF lung disease. The link between CFTR function and PA enlargement on CT and between PA enlargement and hemodynamics warrant further investigation.
